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Summary
Growth control in animals and plants involves mobile sig-
nals [1, 2]. Depending on their range of action, these signals
coordinate the growth of cells within an organ or the growth
of different organs in a larger, functionally integrated struc-
ture [3–7]. In plants, flowers are such integrated structures,
yet it remains poorly understood how growth of the constit-
uent organs is coordinated to ensure their correct relative
sizes. The cytochrome P450 KLUH/CYP78A5 and its homo-
log CYP78A7 promote organ growth via a non-cell-autono-
mous signal [8–10]; however, the range of this signal and
thus its developmental function are unknown. Here we use
a system for the predictable generation of chimeric plants
to determine the range of the KLUH-dependent signal. In
contrast with the largely autonomous behavior of another
tested growth-control gene, we find that KLUH activity
extends beyond individual organs and flowers. Its overall
activity is integrated across an inflorescence to determine
final organ size, which is largely independent of the geno-
type of the individual organs. Thus, the KLUH-dependent
signal appears to move beyond individual organs in a flower,
providing a mechanism for coordinating their growth and
ensuring floral symmetry as an important determinant of
a plant’s attractiveness to pollinators [11].
Results
A System for the Predictable Generation of Chimeric Plants
To determine the range of KLUH (KLU) activity in controlling
organ growth, we performed clonal analysis via a recently
described method for the predictable generation of chimeric
plants [8]. Essentially all of the aboveground tissue in higher
plants is derived from a small group of long-term stem cells
in the central zone of the shoot apical meristem [12]. The
stem cells are arranged in three tiers, giving rise to largely
clonally distinct tissues, the epidermis (also called L1), subepi-
dermal tissue (L2), and central mesophyll and pith (L3), respec-
tively. By altering the genotype of these stem cells at a chosen
time point, one can generate defined chimeras, enabling the
analysis of signaling across different spatial scales.
In practice, Cre/loxP-mediated recombination is targeted to
the stem cells of the shoot meristem by using the CLAVATA3
(CLV3) promoter that is expressed in the stem cells of L1–L3,
combined with the ethanol-inducible AlcR-AlcA system [8,
12, 13] for temporal control over recombination. In order to
generate chimeras of wild-type and mutant tissue, loxP-
flanked rescue transgenes are introduced into the respective
loss-of-function mutants to generate phenotypically wild-*Correspondence: michael.lenhard@bbsrc.ac.uktype plants, as described before [14–16]. These transgenes
also carry a widely expressed 35S::vYFPer or 35S::DsRED2er
reporter expressing an endoplasmic reticulum-localized (‘‘er’’)
and thus cell-autonomous fluorescent protein, which after
recombination is replaced by a 35S::CFPer reporter [8].
Thus, when both transgenes are combined in the appropriate
mutant background, Cre/loxP-mediated recombination con-
verts yellow- or red-fluorescing wild-type into blue-fluo-
rescing mutant stem cells, which then give rise to mutant shoot
tissue.
To demonstrate that the described system can uncover cell-
autonomous phenotypes at the shoot apex, we generated
stem cells lacking thePINFORMED1 (PIN1) auxin efflux carrier,
a cell-autonomous membrane protein required for the initia-
tion of lateral shoot organs [17]. When the CFP-positive
progeny of the mutant stem cells reached the meristem
periphery, organ initiation ceased after the formation of a few
chimeric flowers (see Figure S1C available online). By contrast,
no defects were observed without induced recombination
(Figure S1A) or when recombination was induced in a pin1/+
heterozygous background (Figure S1B). Thus, the system
can uncover cell-autonomous phenotypes, and stem cell-
targeted recombination does not per se interfere with plant
development.
The KLU-Dependent Growth Signal Does Not Act
Systemically throughout the Plant Shoot
To address the range of action of the KLU-dependent growth
signal, we used F1 plants from crosses of pCLV3-Alc-Cre;
klu-2 plants to floxKLU; klu-2 plants (floxKLU is the rescue
construct containing the loxP-flanked KLU genomic region;
see [8]). The floxKLU; klu-2 line carries one copy of the trans-
gene, as judged from segregation analysis (data not shown).
As a result, CFP and YFP fluorescence were mutually exclusive
at the cellular level (Figures S2B and S2C), indicating that the
fluorescence phenotype reliably indicates the KLU genotype.
To determine whether KLU can influence growth systemi-
cally throughout the shoot, we asked whether wild-type KLU
activity in the rosette can rescue the growth of mutant flowers.
To this end, we measured petal size in klu-2 mutant inflores-
cences developing on wild-type rosettes (Figures 1A and 1B;
Figures S1D and S1E). Petals from these inflorescences were
indistinguishable in size from petals of klu-2 mutant plants
and approximately 30% smaller than wild-type petals or
ones from nonrecombined floxKLU plants (Figure 1D). Simi-
larly, when the clonal boundary separated early- and late-
arising side shoots, petals from the mutant and the wild-type
side inflorescences grew to the size predicted from their geno-
type (Figure S1F). Thus, the KLU-dependent growth signal
does not act systemically throughout the plant shoot, and its
activity is restricted to within one inflorescence.
Requirement for KLU Activity in Different Tissue Layers
In the above experiments, we frequently observed shoots that
were largely recombined but maintained small internal wild-
type sectors beneath a fully mutant epidermis (Figure 1C; Fig-
ure S1D). Petals from such plants that retained the KLU rescue
transgene internally failed to grow larger than the fully mutant
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Figure 1. The KLU-Dependent Signal Does Not Act
throughout the Plant Shoot
(A–C) Overlays of CFP and YFP fluorescence micrographs
(left panels) and CFP (blue, middle panels) or YFP (yellow,
right panels) fluorescence micrographs only of plants that
were treated with ethanol vapor 10 days after germination
and imaged 3 weeks later. Scale bars represent 2 mm.
(A) A fully recombined inflorescence of an F1 plant from
a cross of pCLV3-Alc-Cre; klu-2 and floxKLU; klu-2 lines.
(B) By contrast, the rosette of the same plant as in (A) is
composed essentially only of rescued tissue. The asterisk
indicates the inflorescence stem.
(C) Dissected petals from one of the flowers in Figure S4A.
Because only the L1 and L2 layers contribute to petals, giving
rise to the epidermis and to the mesophyll and vasculature,
respectively [19, 26], the layer composition of chimeric petals
can be easily determined.
(D) Sizes of petals with different genotypes generated in the
experiment shown in (A)–(C). The value directly above the
dashed line is based on petals from fully recombined flowers.
The two values below the dashed line are from flowers like
the one shown in (C). Percentages are relative to petals
from nonrecombined floxKLU plants. Values are mean 6
standard error of the mean (SEM), based on at least 17 petals
from five plants per measurement. See also Figure S1.
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528petals developing in the same inflorescences (Figure 1D, bars
below dashed line). This raises the question of whether KLU
activity in internal tissue can in principle promote organ
growth, or whether KLU is only active in the L1. Answering
this question has important implications for the interpretation
of more complex arrangements of mutant and wild-type tissue,
for example in mericlinal chimeras (see below).
To distinguish these possibilities, we specifically removed
the rescue transgene from the epidermis of the inflorescence
shoot by expressing Cre from the epidermis-specific ATML1
promoter (Figure S2A; [18]). F1 plants from the respective cross
(genotype pATML1-Alc-Cre; floxKLU; klu-2) were induced
strongly 9 days after germination, such that the entire
epidermis, including the epidermal stem cells in the meristem,
underwent recombination. All subsequently formed organs
had a mutant epidermis overlying wild-type internal tissue
(Figure 2A; Figures S2B and S2C). Petals of these plants were
intermediate in size between nonrecombinedfloxKLU and non-
transgenic klu-2 petals (Figure 2B). This indicates that both the
epidermis and internal tissue contribute to the production of
the KLU-dependent growth signal, which is also supported
by the partially rescued overall architecture of plants with a
mutant epidermis (Figure S2D). Thus, the failure of smallinternal wild-type sectors to increase petal size
suggests that the relative amounts of tissue with
and without KLU activity in an inflorescence influ-
ences final flower size (see below).
The KLU-Dependent Growth Signal Integrates
Growth within Chimeric Organs
We next turned to individual chimeric organs.
Petals are ultimately derived from four clonally
distinct cells, two each in the L1 and L2 [19].
A clonal boundary between two of these cells
results in a genotypically split petal (Figure 3A). If
one half is mutant for a growth regulator, the
resulting petal shape indicates the range of action
of the wild-type gene. Loss of a cell-autonomous
growth regulator will lead to an asymmetric organ[15]. By contrast, for a non-cell-autonomous factor with suffi-
ciently long range, split petals are expected to be symmetric,
with growth in the mutant half rescued by the wild-type activity
from the other half.
InpCLV3-Alc-Cre;floxKLU;klu-2plantsafter recombinationof
only some of the stem cells, we observed a total of 16 petals that
had a split epidermis over mutant internal tissue and 4 that were
split in both tissue layers (Figure 3A). All of these petals were
symmetrical, with the fully mutant tissue making up the same
proportion of the final petal surface as the region that still re-
tained wild-type KLU activity (Figure 3A; Figure S3D). Although
there was a large variation in the absolute size of the split petals
(Figure 3G), they were on average larger than nontransgenic
klu-2 mutant petals, indicating that growth in the mutant half of
the petals can be rescued by the remaining wild-type KLU
activity. Thus, klu-2 mutant and rescued cells behave indistin-
guishably when juxtaposed in a chimeric organ, suggesting
that the KLU-dependent signal is equilibrated across an organ.
The Range of KLU Action Extends beyond Individual
Developing Flowers
The above results raise the question how far beyond an indi-
vidual organ the presumed growth signal can act. To address
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Figure 2. KLU Is Active Both in the Epidermis and in Internal Tissue
(A) Inflorescence of an F1 plant from a cross of pATML1-Alc-Cre; klu-2 and floxKLU; klu-2 lines, with a fully recombined epidermis in the inflorescence shoot.
See Figure S2B for a confocal image of the inflorescence meristem. Scale bar represents 2 mm.
(B) Petal size from plants with an entirely klu-2 mutant epidermis in the inflorescence compared to controls. Values are mean 6 SEM, based on at least
18 petals from five plants per measurement. See also Figure S2.
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529this, we compared the size of nonrecombined rescued petals
with that of mutant petals developing at increasing distances
from the nearest wild-type tissue. Intermediate strengths of
ethanol induction led to recombination in only some of the
stem cells, resulting in mericlinal chimeras with mutant and
wild-type tissue juxtaposed in different arrangements (Figures
3B and 3C; Figures S3A and S3B). To ask whether KLU activity
extends from one half of a flower to the other, we analyzed
petals from flowers with a clonal boundary running through
their middle in both L1 and L2 (Figure 3B). There was no differ-
ence between the relative size of mutant and wild-type petals
derived from the same flower (Figure 3E), and on average,
mutant petals from such chimeric flowers were larger than
nontransgenic klu-2 mutant petals (Figure 3G), despite the
large variability of the former. This indicates that KLU activity
in part of a developing flower can promote growth of fully
mutant organs within the same flower.
To obtain independent evidence for KLU activity extending
beyond individual floral organs, we expressed KLU in
a restricted manner in klu mutant flowers and measured petal
size. The INNER NO OUTER (INO) promoter is specifically
active in ovules of stage 10 flowers onward (Figures S3C and
S3D; [20, 21]). Petals from pINO::KLU; klu-2 plants were the
same size as or even slightly larger than wild-type petals
(Figures S3E–S3G), supporting our conclusion that the range
of the KLU-dependent growth signal extends beyond indi-
vidual floral organs.
At the next higher spatial level, we compared the sizes of
petals from fully mutant and fully wild-type flowers developing
in parallel in the same inflorescence (Figure 3C; Figures S3A
and S3B). The relative difference between petals from mutant
and nonrecombined flowers was 8% (Figure 3F). This differ-
ence is much smaller than the 30% difference in size between
petals from fully mutant and wild-type plants. Thus, flowers
within one inflorescence do not behave autonomously accord-
ing to their genotype for KLU. However, in these chimeras,
absolute petal size was not significantly different from that of
nontransgenic klu-2 mutants (Figure 3G), suggesting that
growth of the genotypically wild-type flowers was reduced
as a result of the presence of the large amount of mutant
tissue.
As mentioned above, absolute sizes of both genotypically
mutant and wild-type petals in the various klu chimeric shoots
varied widely, ranging from petals as large as those of the
untreated floxKLU line to ones as small as the petals from
klu-2 mutants (Figure 3G). A possible explanation for this large
variability is that absolute petal size is determined by theoverall amount of KLU-expressing tissue in an inflorescence,
which varied widely in the chimeric shoots that gave rise to
the above petals. To test this possibility, we measured petal
size and the proportion of recombined tissue in inflorescences
from a large number of chimeric plants. Indeed, this indicated
a highly significant negative correlation between the propor-
tion of mutant tissue and absolute petal size (Figure 3H). The
residual variation in size for any given level of recombination
may reflect more subtle variation in the exact spatial composi-
tion of each individual inflorescence that was not captured by
our analysis.
Thus, these observations, together with the comparison
between small internal wild-type sectors versus entirely wild-
type internal tissue (see above, Figures 1C and 1D versus
Figures 2A and 2B), support the notion that the overall amount
of KLU-expressing tissue within an inflorescence, and thus
presumably the total amount of the growth signal produced,
determines the absolute size to which individual organs and
flowers will grow, largely irrespective of their individual geno-
types.
BIG BROTHER Controls Growth in an Organ-Autonomous
Manner
It is conceivable that the apparent non-cell autonomy of KLU
does not reflect the action of the presumed KLU-dependent
growth signal over long distances but merely results from an
independent control mechanism that detects differences in
growth within an inflorescence and counteracts these to
ensure uniformity of flower size. To test this possibility, we
generated inflorescences that were chimeric for the big
brother-1 (bb-1) mutation (Figure S4). Loss-of-function bb-1
mutants show an increase in petal size of about 60%
compared to wild-type [22]. When developing in the same
inflorescence, bb-1 mutant petals were more than 40% larger
than nonrecombined BB wild-type petals (Figures 4A and 4B).
This indicates that although there may be a weak constraint
preventing flowers from differing too widely in size, the bb-1
mutation behaves largely autonomously, and considerable
differences in growth are possible within one inflorescence.
Thus, the relative uniformity of size within klu chimeric inflores-
cences appears to reflect a specific function of KLU-depen-
dent growth signaling.
Discussion
The growth of plant organs is stimulated by the activity of
the cytochrome P450 KLU, which has been proposed to
Figure 3. KLU Activity Coordinates Flower Growth within
Individual Inflorescences
(A–C) Overlays of CFP and YFP fluorescence micrographs
(left panels) and CFP (blue, middle panels) or YFP (yellow,
right panels) fluorescence micrographs only. F1 plants
from crosses of pCLV3-Alc-Cre; klu-2 and floxKLU; klu-2
plants were subjected to limited ethanol induction 10 days
after germination and imaged 3 weeks later. Scale bars
represent 500 mm in (A) and 1 mm in (B) and (C).
(A) Two examples of genotypically split petals, demon-
strating their normal symmetrical shape. In the upper petal,
the split only affects the epidermis, whereas the internal
tissue is fully mutant. In the lower petal, both epidermis
and internal tissue are split.
(B) Petals from a flower with a sector boundary running
through its middle. Recombination has affected both the
epidermis and internal tissue.
(C) A genotypically split inflorescence. Although approxi-
mately one half is completely recombined, the other half
maintains the KLU rescue transgene.
(D–H) Size measurements on chimeric shoots.
(D) Both recombined and nonrecombined cells occupy the
same proportion in mature chimeric petals (95% confidence
interval for the mean of the nonrecombined part is 0.448–
0.518). Values shown are mean 6 SEM from 20 petals with
a split epidermis and mutant internal tissue or with a split
in both layers.
(E) Mutant and nonrecombined petals developing in chimeric
flowers grow to the same final size. Only flowers with recom-
bination in both L1 and L2 were used.
(F) Petal size from genotypically split inflorescences like the
one in (C). Only petals from fully recombined flowers were
measured. The size of recombined petals is expressed
relative to that of nonrecombined ones from the same
plant collected at the same time. Values in (E) and (F) are
mean 6 SEM, based on at least 30 petals from ten plants
per measurement.
(G) Absolute petal sizes of the indicated genotypes from the
experiment shown in (D)–(F). Values for the first three geno-
types are averages of two petals from one flower each.
Values for mutant petals from split flowers are averaged
per split flower. Values in the rightmost column are averages
of two to four petals from one flower each. Asterisk indicates
that the mean is significantly different from that of klu-2 at
p < 0.05 (two-sided t test assuming unequal variances with
Bonferroni correction).
(H) Dependence of absolute petal size on the extent of
recombination in an inflorescence. Each value is the average
petal size from two flowers of a chimeric shoot regardless of
their genotype, all collected at the same time. The extent of
recombination was estimated by calculating the average
proportion of the shoot circumference occupied by recom-
bined tissue in the epidermis and internal tissue. The p value
is from a t test of the null hypothesis that there is no correla-
tion between the two parameters. In this experiment, the
average petal size was 1.79 6 0.05 mm2 in untreated rescue
plants and 1.18 6 0.03 mm2 in nontransgenic klu-2 plants.
See also Figure S3.
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530contribute to the biosynthesis of a novel mobile growth signal
[9]. Whereas loss of KLU function reduces organ size, in-
creased activity leads to overgrowth, demonstrating that
KLU promotes growth. However, it is not known on which
spatial scale KLU acts and thus which developmental role it
fulfils. Does it act within individual organs to coordinate
cellular growth, with each organ autonomously measuring
and regulating its size as suggested by a previous model [9]?
Or does its range of action extend beyond individual organs,
possibly allowing it to coordinate the growth of different
organs within a larger structure?
Here, we have addressed the range of the KLU-dependent
signal via a system for the predictable generation of chimericplants, which complements mechanical grafting [23]. Wild-
type and klu mutant organs developing in one flower bud, as
well as wild-type and mutant flowers in one inflorescence, do
not grow autonomously according to their genotypes. Rather,
the level of KLU activity is integrated across flowers and the
inflorescence to determine final organ size. We also show
that absolute petal size depends on the sum total of KLU
activity in an inflorescence, and thus likely on the overall
amount of signal produced. This strongly suggests that the
KLU-dependent growth signal can move from wild-type
organs and flower buds to mutant ones when produced
at physiological levels. It thus appears to be functionally
more similar to circulating growth factors in animals than to
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Figure 4. Petals from bb-1 Chimeric Inflorescences Show
Large Autonomous Differences in Size
(A) Overlays of CFP and DsRed2 fluorescence micrographs
(left panels) and DsRed2 (red, middle panels) or CFP (blue,
right panels) fluorescence micrographs only. A fully recom-
bined bb-1 mutant petal (top row) has grown to a consider-
ably larger size than a nonrecombined rescued petal (bottom
row) from the same inflorescence. Scale bar represents
1 mm.
(B) When normalized to the size of nonrecombined petals
from the same inflorescence, recombined bb-1 mutant
petals grow to a substantially larger size. Values are mean 6
SEM from at least nine petals from five plants. See also
Figure S4.
Coordination of Flower Growth
531short-range factors acting within individual primordia. The
results from klu chimeric shoots contrast with the largely
autonomous behavior of the bb-1 mutation, suggesting that
the klu chimeras do not simply uncover an independent
constraint that prevents growth from differing too much within
one inflorescence but indeed reflect growth coordination by
a mobile growth signal.
What are the implications of this comparatively long range of
action for how organ size is controlled in wild-type plants? In
contrast to a previous model for KLU function [9], individual
organs within a flower do not appear to be autonomous in their
decision about when to stop growing, because the signal level
within an organ depends not only on local synthesis and
degradation but also on the net movement of the signal into
or out of the organ. In this view, besides its role in promoting
growth, the KLU-dependent signal would fulfill a second func-
tion. Its spread would ensure that all organs within a flower bud
are exposed to essentially the same level of the signal, despite
random local fluctuations in synthesis, and that as a conse-
quence, all organs of one type (e.g., petals) would reach
a uniform size. Because the signal seems to be able to move
even beyond individual flowers, as judged from the nonauton-
omy of wild-type and mutant flowers in one inflorescence, it
also has the potential to coordinate the growth of different
buds. Behavioral studies have indicated that it is not only the
absolute size of floral organs that determines a flower’s attrac-
tiveness to pollinators, but also its symmetry [11, 24]. Whether
loss of KLU function renders flowers more susceptible to
random growth perturbations and stronger fluctuating asym-
metry, for example in response to environmental stress, will
be an important question for future studies.
Conclusions
In summary, we have determined the range of the KLU-depen-
dent signal in controlling plant organ size. Our results from
chimeric plants and targeted misexpression demonstrate
that KLU activity extends beyond individual floral organs and
that its overall activity level is integrated across an inflores-
cence to determine individual organ size. As such,KLU-depen-
dent growth signaling represents a prime candidate for a mech-
anism that coordinates growth of the individual organs withina flower and of individual flowers within an inflores-
cence to ensure uniformity of size.
Experimental Procedures
Plant Lines and Growth Conditions
The klu-2 and bb-1 mutants and the pCLV3-Alc-Cre; klu-2,
the floxKLU; klu-2, and the pINO::KLU; klu-2 lines havebeen described previously [8, 9, 22]. Plants were grown under 16 hr light:8
hr dark cycles in a Sanyo MLR-351 growth cabinet, with 21C day and
11C night temperatures, except for the plants for the experiment in Figure 2,
which were grown in a controlled-environment room with a 16 hr light:8 hr
dark cycle at 20C.
Construction of Transgenes and Plant Transformation
Constructs for plant transformation were generated according to standard
techniques. Details for individual constructs are given in Supplemental
Experimental Procedures. Plant transformation was performed by the floral
dip method [25].
Ethanol Induction
For ethanol induction, open tubes containing 0.5 ml ethanol were placed in
every other pot, and the plants were kept in a plastic bag for between 60 and
120 min, depending on the desired strength of induction.
Fluorescence Microscopy and Measurement of Organ Sizes
YFP and CFP fluorescence were observed with a Zeiss SteREO Lumar
dissecting microscope fitted with a Zeiss AxioCam MRm digital camera.
The size of dissected petals was measured from digital micrographs with
Adobe Photoshop CS3 software.
Statistical Analysis
Summary statistics, t tests, and linear regression were calculated with Mi-
crosoft Excel. In all figures, error bars represent the standard error of the
mean. Sample sizes are given in the individual figure legends.
Polymerase Chain Reaction Genotyping
To determine the presence or absence of the nonrecombined rescue trans-
gene in flowers of chimeric plants, we used the primers 35S::GFP_rec_
junc_F (50-CCAAGGAGATATAACAATGAAGAC-30) and GFP::NosT_junc_R
(50-GAAATTCGGATCTTAAAGCTC-30), which only amplify a product from
the nonrecombined, but not the recombined, floxKLU transgene.
Supplemental Information
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.
1016/j.cub.2010.01.039.
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